Introduction

27
Lipases are α/β hydrolases (EC 3.1.1.3) which catalyze the hydrolysis of triglycerides in vivo. They 28 can also form ester bonds under reverse hydrolytic conditions, which enables them to catalyze esterification 29 and transesterification reactions. Furthermore, they are enantioselective catalysts useful in the synthesis 30 of pharmaceutical intermediates and fine chemicals. Lipase B from Candida antarctica, CALB, has found 31 widespread applications in the enantioselective synthesis of bioactive molecules and in the resolution of 32 racemic mixtures, due to its high stability in organic media and its large-scale availability [1] .
33
CALB catalyzed resolution of secondary alcohols by transesterification with esters as acyl donors, occurs 34 through a Ping Pong Bi Bi mechanism, which includes two steps. The first is the acylation of the enzyme 35 by the ester substrate, to yield the acyl-enzyme intermediate and the release of the first product, an alcohol 36 formed with the alkoxy group. In the second step, the chiral alcohol interacts with the acyl-enzyme to form 37 a new binary complex and the second product ester.
38
In the active site of CALB, the acyl and alcohol substrate moieties bind in a hairpin orientation. It is 39 thus not surprising that the acyl chain of the ester interacts with the alcohol and consequently influences 40 the chiral discrimination of alcohols. However it is unexpected that the leaving group, which is the alkoxy 41 part of the ester, also influences the enantiomeric ratio.
42
The hypothesis of "molecular imprinting effect" has been proposed by several authors to explain such 
48
Results demonstrated that the enantioselectivity of lipases was maximized by using acyl donor and alcohol 49 substrates which matched well. The hypothesis of the "enzyme memory" induced by the acyl donors active 50 site moulding in the first step of the reaction was proposed.
51
In the present work, we experimentally highlight the significant influence of the alkoxy part of the ester 52 acyl donor on the enantiomeric ratio, for the resolution of pentan-2-ol by CALB. We then established the 53 full kinetic model for a Ping-Pong Bi Bi mechanism with two competing chiral alcohol substrates, in order 54 to verify that the differences in enantiomeric ratio, obtained with different acyl donors, did not simply arise 55 from differences in reaction rates occurring during the acylation step, with the different esters. Our data 56 from both experimental and kinetic studies support the hypothesis of molecular imprinting. We then looked 57 for structural changes using molecular modeling methods.
58
Molecular modeling is a useful tool to provide a rational explanation of experimental data. The starting CALB enzyme was the R = 1.55Å crystallographic structure solved by Uppenberg et al. [13] 103 (PDB entry 1TCA). To evaluate the effect of the ester substrate on the enzyme structure during the first step kcal.mol −1 ) followed by one nanosecond without constraint. Then, the production dynamic lasted for 20 ns. conformation, which is the region putatively involved in the imprinting effect. In addition, terminal regions 137 are highly mobile (and far from the active site for CALB) and over-influenced the RMSD matrix, therefore, 138 they were not included. In the manner, we aimed to obtain conformational information specific to the rest 139 of the structure and more particularly near the active site.
140
In a second step, RMSD matrix was calculated to focus on the residues of the active site. the alkoxy group of the acyl donor was structurally close to the amine to be resolved. As a consequence
168
an improved resolution of (±)-cis-2-phenylcyclopentanamine was obtained with the leaving group (±)-cis-
169
phenylcyclopentanol (E value = 922), compared to (±)-trans-phenylcyclopentanol (E value = 525). The enantiomeric ratio is defined as the ratio of specificity constants for R and S enantiomers, according to 180 the following formula: King-Altman method and specificity constants were determined with the Cleland method.
170
E = (k R cat /K R M )/(k S cat /K S M
192
We focused on the resolution of a racemic mixture of R and S enantiomeric forms of pentan-2-ol, through 195 Figure 1 : Cleland representation. The enzyme (E), the acyl enzyme (F), the ester (A), the (R) and (S) alcohols (respectively B and C), the leaving alcohol product (P), the (R) and (S) ester products (respectively Q and S).
The kinetic profiles of multisubstrate systems can be resolved using the King 
199
The model provides complex equations, whose detailed expression is given in the appendix. The enzyme (E), the acyl enzyme (F), the ester (A), the (R) and (S) alcohols (respectively B and C), the leaving alcohol product (P), the (R) and (S) ester products (respectively Q and S).
v R init.
[
(1)
The complete formulas, with detailed values of n i and d i are reported in the appendix section. 
The four parameters K 
Thus, it appears that the E value is not controlled by catalytic rate constants involved in the acylation 211 step, the first part of the reaction (k 1 , k −1 , k 2 , k −2 ), (c.f. figures 1 and 2), indicating that the nature of the 212 leaving alcohol did not influence the enantiomeric ratio E, through kinetic effects.
213
In addition, the ratio of initial reaction rates v R init. /v S init. was equal to: 
Thus, the enantiomeric ratio E is equal to the ratio 
Molecular modeling results
227
The results presented above suggest that there is an imprinting effect: the first substrate of the reac-228 tion and in particular the alkoxy part of the ester causes a conformation change of the enzyme, which is (table 1) . Our attempts to confirm this hypothesis by molecular modeling are presented below.
233
Two representative structures (Clust1 and Clust2) were obtained from the cluster analysis of each system: 234 free enzyme, enzyme+R and enzyme+S tetrahedral intermediates (TI-R and TI-S). RMSD were calculated 235 between them (table 2) .
236
RMSD between two representative structures of the same system is usually lower than other values: 1.347Å when cluster 2 for the R form and cluster 1 for the S form were compared.
240
Average structure superposition shows that the most important difference arises from the position of 241 alpha helix 5, as shown in figure 3 . The position of this helix differed between clusters for one examined 242 enzyme structure, and also between R and S structures. that during a 10 ns dynamic trajectory in a water box, α-helix 5 and 10 of CALB displayed significant 245 mobilities. The RMSD matrix provides cluster results mainly based on the orientation of the α helix 5.
246
Here, α helix 5 orientation is not specific to the system studied, but similar mobility was observed for the 247 three studied systems. Our conclusion is that specific differences in the global conformation of the enzyme 248 between TI-R and TI-S are not observed.
249
In the second part of our study, we focused on the active site. Cluster analysis based on amino acids of 250 the active site was done as described in the Computational Methods section. Amino acids alignment gave Interestingly however, the orientation of the side chain of residue Ile285 was different for the cluster 2
253
of TI-R. This may be due to the specific constraint generated by the alcohol enantiomer on the side chain A major question concerns the timescale of side chain rotation, such as of the branched-chain of Ile285.
262
The time scale for the rotation of a buried side chain can be very large (10 Experimental results shown here demonstrate that using an ester with an adequate alkoxy group is 287 an efficient method to enhance enantioselectivity. Generally, an alkoxy group larger than ethyl increased 288 enantioselectivity. Furthermore, the resolution of pentan-2-ol was sensitive to the chirality of the alkoxy group 289 of the ester. Thus, (R)-1-methylpentyl propanoate increased enantioselectivity compared to the racemic 290 mixture, whereas S enantiomer decreased enantioselectivity compared with the racemic mixture.
291
The comprehensive study of the full kinetics for the Ping Pong Bi Bi mechanism, with three substrates,
292
one ester and two competitive R and S alcohols, allowed us to confirm that the experimental method, based 293 on initial rate measurements employed here for the determination of enantiomeric ratio, is relevant. In 294 particular, it excluded the hypothesis that enantiomeric ratio modifications observed in the experimental 295 results could arise from a kinetic model pitfall.
296
Finally, molecular dynamics simulations were performed to discriminate between conformational changes (14)
